ideally suited for analyzing multipath. In this work, the underlying concepts of the passive fathometer [Siderius, 2010] are extended to cross-correlate beams steered at multipath arrivals from a passing boat (source of noise) providing for an estimate of azimuth, elevation, and lag between multipath [See publications #2 and #3] . Naturally, this can be used to estimate target position, however the problem can also be turned around to potentially use boat noise as a source of opportunity for estimating geoacoustic properties and the sound speed profile.
APPROACH
This research has taken the multifaceted approach of analyzing multipath with two hydrophones of a bottom-mounted HLA [Publication #1]. Using a very different array configuration consisting of a compact volumetric array [Publications #2 and #3] , a different processing modality is adopted which is a fusion of adaptive beam forming and cross-correlation.
WORK COMPLETED
A study on two-hydrophone multipath localization method for small boats has been published [Publication #1]. Two conference proceedings have been generated on the cross-beam correlation technique [Publications #2 and #3] . These were presented at the ICA 2013 in Montreal, and the UAC in Corfu, respectively. A journal article on this topic has been submitted to the Journal of the Acoustical Society of America [Publication #4]. LOCALIZATION This work presents a model-based localization technique that leverages reflections from a varyingbathymetry environment to refine estimates of the range and bearing to a small boat using two hydrophones. This work experimentally demonstrates that in an environment that produces multipath, the arrival information available at just two hydrophones encodes sufficient information to provide reasonable estimates of the range of a small boat. Further, varying bathyemtry can be opportunistically utilized to refine bearing. The geometry of this problem is illustrated in Figure 1 and shows two bottom-mounted hydrophones and a broadband target on the surface. The bottom-surface reflection appears as an image source located two water depths above the surface. The top two diagrammatic plots in Figure 1 show the received time series, and . The bottom plot shows the cross-correlation, . The source waveforms, and are represented as a single pulse for illustration purposes, but for a small boat target, they actually consist of continuous broadband noise. However, this does not affect the presence of pulses in because the noise is pulse compressed through the cross-correlation operation.
RESULTS

TWO-HYDROPHONE TARGET
Because receiver 2 is farther from the source than receiver 1, both peaks in are shifted later in time to account for the additional travel time. The term denotes the time difference of arrival TDOA, and are the time difference of multipath arrivals, TDOMA. In , the strongest peak is in the center, with an absolute offset at . The flanking (TDOMA) peaks are produced by the direct arrival from one hydrophone correlating with the multipath arrival from the other hydrophone. As the target initially moves into the far field of the hydrophone pair, and start to converge but are sufficiently large that the flanking peaks are distinct from the TDOA peak, but this separation eventually vanishes in the distant far field. Bathymetric variations affect because the eigenray path length depends on the depth of each bottom reflection, and this allows for bearing disambiguation. A correlogram is shown in Figure 3 (b) in which multipath effects are evident. The strong, center striation is the correlation of direct arrivals. This is supported by the fact that as the target circles around the array, this striation stays between 11 m, which are the limits for the correlation lag distance for the configured hydrophone spacing of 11 m. The multipath-with-direct correlations are visible as ``shadow'' striations that run adjacent to the main striation. All these striation lines were manually traced using MATLAB and are shown in Figure 2 (c). Shadow striations from higher-order eigenrays are also faintly visible throughout the entire run. A comparison of localization using only TDOA [corresponding to using just the first term of Eq. 2] with both TDOA and TDOMA [all terms of Eq. 2] is shown in subplots (a) and (b) of Figure 3 . The effects of using a flat seabed versus actual bathymetry are shown in subplots (b) and (c). The full ambiguity function, , is shown for several snapshots throughout the boat track in Figure 4 . The image data in Figure 3 and Figure 4 were post-processed with a 2-D Hann filter to aid visualization of narrow features.
This works presents a technique for localizing a small boat using multipath arrivals recorded on two bottom-mounted hydrophones. The correlations necessary to perform this inversion come from the lowest-order eigenrays, which are shown to be relatively stable features in a correlogram. Range information can be extracted from these features using image positions to estimate path length differences between direct and multipath eigenrays. Use of a bathymetry database for multipath ray calculation improves range localization and diminishes the left-right ambiguity typically associated with line arrays, but this is only possible in the presence of bathymetric variations. This experiment shows localization out to roughly 14 water depths, which would correspond to a much longer range in deeper water. Experimental results from passive acoustic measurements of a small boat maneuvering in a shallow-water harbor environment were validated by comparison with the boat's GPS log.
CROSS-BEAM CORRELATION USING A COMPACT VOLUMETRIC ARRAY FOR MEASURING MULTIPATH
A technique is presented for simultaneously measuring the elevation angle and time lag between multipath arrivals by cross-correlating beams from a noise source using a compact volumetric array. This is an extension of the adaptive passive fathometer [Siderius et al., J. Acoust. Soc. Am. 127, 2193 -2200 ] but is applied to boat noise in very shallow water. Experimental results are presented from GLASS'12 which employed a hybrid autonomous underwater vehicle outfitted with a compact volumetric nose array as a data collection platform. Ray tracing is employed to interpret the multipath arrival structure as the boat passes by the array. A multi-target scenario is synthesized by adding together two boat passes showing that adaptive cross-beam correlation operates well in the presence of interference. This technique is then discussed in the context of different application areas, such as sensitivity to the water sound speed profile, target localization, and geoacoustic inversion.
It has been shown that cross-correlating the end-fire beams of a vertical line array suspended in an ambient noise field can produce a reflectivity profile of the seabed. This "passive fathometer" technique was first demonstrated by [Siderius 2006] . It works by pulse compressing downwardtraveling broadband surface noise with the upward-traveling reflection of that same noise waveform from the seabed. The resulting "pulse" shows up in a time-series plot at an offset that corresponds to the time it takes for the noise signal to travel from the array, to the seabed, and back. This section describes an extension of the adaptive passive fathometer and presents a new technique for measuring multipath called cross-beam correlation. It has some important differences with the passive fathometer, in that opportunistic source signals originate from a boat instead of from noise directly overhead from breaking waves. Also, the array is compact and volumetric, shown in Figure  5 (a), so operates at higher frequencies. This technique allows individual multipath arrivals to be isolated in elevation angle using short snapshot averaging to break the multipath coherence. Long snapshot cross-beam correlation is then used to measure the time-lag of multipath arrivals, which is applied in the same way as the passive fathometer. This is verified experimentally with a small boat as a noise source. A multi-target scenario is synthesized by adding together two separate boat passes showing adaptive rejection of off-bearing interference. This is a new measurement scheme using noise sources of opportunity. Multipath has been measured using a variety of other methods, but an advantage of using a compact array is it can be mounted on a mobile platform, such as an AUV. Combined with being able to leverage noise present in the environment for remote sensing, this has many practical uses. Despite suffering technical problems with the ballasting subsystem, acoustic data recordings were collected by mounting the AUV on a rigid frame, as illustrated in Figure 6 (a). A small rubber boat with an outboard engine outfitted with a portable GPS data recorder maneuvered in the vicinity of the array. The speed of the boat was roughly 3 m/s for both tracks. Selected portions of the track of the boat are shown in Figure 7 Figure 7 shows a set of eigenrays computed with Bellhop. The paths of these rays can be understood by noting the site has a negative gradient in the sound speed profile (i.e. the trend shows decreasing sound speed with increasing depth). This causes rays to bend toward the seabed; an effect that is amplified as rays are launched closer to the horizontal. Note that Figure 7(c) is the last panel that shows a direct (D) and bottom-bound (B) eigenray. This corresponds to the maximum range for which the D eigenray exists. The launch angle for the D eigenray at that range is zero, meaning that just beyond that range the ray must first reflect off the seabed to be received by the array, which essentially kills off the D eigenray. The same phenomenon happens for the bottom-surface (BS) ray; its limiting range is shown in Figure 7 (e). The left and right halves of Figure 8 show the boat at different ranges, and the top and bottom halves compare conventional with adaptive beamforming. For the closer boat range (left half), the SSP supports D and B eigenrays, whereas in the more distant boat range (right half) these have gone away leaving the BS and BSB eigenrays as the strongest arrivals. In each instance, a peak appears close to the ray tracer predictions in space and time. For the closer range, the BS with BSB correlation is not visible since the array is being steered at the D eigenray arrival instead of the BS arrival. While it is possible the beam corresponding to the BS eigenray arrival is close enough to the D beam to allow for leakage, greater losses in both of the higher-order eigenrays reduce the relative power of their correlation. Slices through the elevation angles at the detected peak are compared with the standard beamformer in Figure 8 (e-h). Correspondence between the arrival angle of the lower peak from the standard beamformer and the cross-beam output indicate that the lower peak is, in fact, a coherent multipath arrival. The significance of this is being able to identify that two peaks in the standard beamformer output are mutually coherent at a specific time lag offset. This is not information that is available from a standard beamformer output. The cross-beam correlation time series for the strongest correlation is shown in Figure 8 (i-l). Note the ranges at which rays are culled match well with the CTD SSP whereas when the near surface part of the SSP is changed to be isovelocity, this range changes dramatically.
The multipath lag of cross-beam correlation is highly sensitive to the SSP. Initially in this study, an isovelocity model was adopted. This produced accurate predictions of the multipath lag out to about 100 m, but beyond that lag predictions were smaller than observed. These observations became explainable once a ray model was used and configured with the measured SSP. The downward refracting profile causes an increase in the lag, and its effect starts to become more pronounced at about 100 m range. This is evident by comparing the multipath lags computed using different SSPs to the acoustic data in Figure 9 . The isovelocity model clearly diverges from the acoustic data around this range whereas the other SSPs, which are downward-refracting, produce measurable lags out to farther ranges. The downward refraction causes rays launched near the surface to have steeper angles as they pass through the array depth. This implies that there is a minimum bound on the lag between a downward-traveling ray received at the array and the subsequent ray that bounces off the seabed. This appears at roughly 0.36 ms.
A cross-beam correlation technique has been presented showing that cross-correlating beams steered at multipath arrivals provides information about the received elevation angle and relative time lag. The compact size of the array minimized the white noise correlation artifact allowing multipath to be measured. The rigid frame on which the elements were mounted enabled the use of an aggressivelytuned MPDR adaptive beamformer for rejection of off-bearing interference. Adaptive nulling of multipath arrivals was also demonstrated using short snapshots that are insensitive to coherence between rays.
IMPACT/APPLICATIONS
This work may facilitate more effective passive sonar detection techniques in environments that support strong multipath. It is particularly effective for broadband targets, but aspects of it may also be applicable to narrowband targets. There is a need for such algorithms that are robust to reasonable amounts of environmental mismatch. As a passive method, it can be designed into a system used for covert activities, low power applications and can be used even in environmentally restricted areas. Opportunistic sources have a significant amount of practical utility. In this experimental design, multipath arrivals from the small boat were detected out to about 35 water depths, which corresponded to a little over 800 meters in the shallow waters of the experimental site. The downward-refracting SSP was the limiting factor in this the GLASS'12 dataset causing culling of rays at specific distances, which was another piece of information clearly evident in the data. Moored passive equipment can be cumbersome to deploy and communicate with, and AUV-mounted devices are an attractive alternative. The AUV used in GLASS'12 is designed to operate in both glider and propeller-driven modes giving it many possibilities for collecting non-acoustic environmental data. The technique presented in Publication #4 could potentially facilitate on-board data fusion for analysis of both nearby targets and environment in an entirely passive manner. Beyond remote monitoring, multi-target localization and range estimation could help provide collision avoidance capabilities to on-board control software.
